A technique was developed to achieve enhanced Raman scattering of the silicon photon modes using closely packed micro-and submicron silica spherical particles. Investigation on the particle-size dependence of Raman enhancement revealed that the strongest enhancement occurs when the particle diameter is equal to the spot size of the incident laser beam. Calculations using the OPTIWAVE™ software based on the finite difference time domain algorithm under the perfectly matched layer boundary conditions were carried out. The results showed that photonic nanojets are formed in the vicinity outside the particles along the propagation direction of incident light. It was found that the nanojets are confined to a length of 100 nm with a waist of 120 nm. The presence of the strongly localized electromagnetic fields within the nanojets accounts for the enhanced Raman scattering. This technique has potential applications both in modern and traditional areas of surface science such as surface oxidation, adhesion, corrosion, and catalytic processes, and many other areas in biology, chemistry, materials science, and microelectronics.
I. INTRODUCTION
Due to small interactive cross sections ͑10 −30 -10 −25 cm 2 / molecule͒, the Raman scattering signal is notoriously weak and hardly detectable. 1 Extensive studies, therefore, have been conducted in order to improve the sensitivity of Raman scattering for the last two decades. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Several mechanisms related to physics, chemistry, and optics can be used to achieve this goal, such as electromagnetic and chemical mechanisms for surface-enhanced Raman scattering ͑SERS͒, 2-5 interference mechanism for interferenceenhanced Raman scattering ͑IERS͒, 6, 7 angle-dependent reflection for total internal reflection Raman spectroscopy ͑TIRRS͒, 8 resonance effect from microstructures or subwavelength particles for resonance Raman scattering ͑RRS͒, 9, 10 near-field optics for high-resolution near-field Raman microscopy ͑NORM͒, 11 and the localized evanescent electric field and surface plasmon polariton for tip-enhanced Raman spectroscopy ͑TERS͒. [12] [13] [14] [15] Metal particles, e.g., Ag and Au, or substrates with roughness as sample carriers are the best candidates for the realization of SERS due to the high enhancement factor ͑10 4 -10 14 ͒; however, they are irreproducible and unpredictable.
Previous studies on light scattering by microparticles predicted its potential for Raman spectroscopy. [16] [17] [18] [19] However, no further investigation has been reported to authenticate this hypothesis. In this study, the enhancement factor of Raman signals, in the order as high as 10 4 , was realized using closely packed silica spherical microparticles.
The microparticle-enhanced Raman spectroscopy has at least three advantages over the conventional SERS approaches. First, the location and morphology of dielectric microparticles can be well controlled, eliminating the irre-producibility in SERS. Second, the sample preparation process is much simpler, avoiding tedious efforts in substrate preparation. Third, the enhanced effects by microparticles can occur for most Raman-active substrates such as silicon.
Calculations on the effect of spherical dielectric microparticles on incident plane waves and focused Gaussian beams indicated that the spatial distribution of the electromagnetic intensity can be changed both within and outside the microparticles. The curved surfaces of the particles and discontinuity in the refractive index at the interfaces result in the changes of the electromagnetic field distributions. This phenomenon has been confirmed using the fluorescence from iodine vapor to image the near-field intensity distribution and the fluorescence from ethanol droplets impregnated with rhodamine 590 to visualize the internal distribution. 17 Recently, localized photonic nanojets generated at shadow surfaces of microscale cylinders illuminated by a plane wave was reported. 20 These nanojets have a waist smaller than the diffraction limit and can extend over several optical wavelengths without significant diffraction. Coupled resonator optical waveguides might be built from the chains of dielectric microspheres through two mechanisms in optical transport, namely, evanescent coupling and nanojet coupling. 21 The electromagnetic fields in the nanojets are much stronger than those in other areas. Therefore, the Raman scattering could be enhanced since it is strongly dependent on the magnitude of the electromagnetic field. 22
II. EXPERIMENT AND SIMULATION
prepared Piranha solution ͑H 2 SO 4 /H 2 O 2 =7:3͒. Hydrofluoric ͑HF͒ acid was then used to remove the oxide film. After the substrates were rinsed thoroughly in de-ionized water and ethanol, they were ready for self-assembly of silica particles. The substrates were tilted with an angle ͑40°-60°͒ to the base. After the surfactant was air dried, a drop of monodisperse suspensions ͑10% solution of silica microparticles͒ was dropped on the tilted samples to obtain a hexagonally closely packed assembly of silica particles over an area of several hundred m 2 . The surface morphologies of the samples were observed under an optical microscope ͑Olympus, BH-2͒ equipped with a high-resolution charge-coupled device ͑CCD͒ camera.
Enhanced Raman spectroscopy was carried out using a homemade Raman spectrometer. The instrumental setup is illustrated in Fig. 1 . An argon laser ͑Coherent, Innova 300͒ with a wavelength of 514.5 nm was used as the excitation source. A 50ϫ microscope objective lens ͓Olympus, numerical aperture ͑NA͒ = 0.70͔ was employed to focus the incident beam into a laser spot with a full width at half maximum ͑FWHM͒ waist of around 2.5 m. Raman scattering was collected by the same lens. Most of the overwhelming Rayleigh scattering was blocked by a notch filter ͓SuperNotch filter, Leica, optical density ͑OD͒ =6͔. A triple-grating dispersive imaging spectrograph ͑Princeton Instrument, SP-2300i͒ with a 300 mm focal length was used to detect the Raman signal in a wide spectral range through a thermoelectrically cooled CCD camera ͑Princeton Instrument, PIXIS 400B͒. The system is capable of scanning samples in three different modes: point mode ͑Raman spectra at a specific position͒, line mode ͑line scanning to locate the interested area͒, and zone mode ͑Raman mapping in a specified region͒. The sample was placed on a motorized motion stage with a resolution of 3.175 m. A 3.15 cm −1 resolution of Raman shift can be achieved through the optical grating with a density of 600 lines/ mm.
Since the silica particles did not cover the entire surface, the samples were first measured with the line mode to locate the regions of interest. Then, the Raman spectra were recorded with the point mode. Next, a CCD camera was placed in front of the notch filter to capture the scattering images of the particles. The brightness of the camera was adjusted in order to obtain pictures with high contrast.
We used the OPTIWAVE™ software to calculate the electric fields both inside and outside the particles. The simulation was performed using the finite difference time domain ͑FDTD͒ algorithm under the perfectly matched layer ͑PML͒ boundary conditions. The physical model consisted of four components: the focused Gaussian laser beam, the surrounding medium ͑air͒, the spherical silica particles, and the silicon substrates. The propagation direction of the illuminated laser was normal to the surface of the silicon substrates. The calculation step was 10 nm.
III. RESULTS AND DISCUSSION
Spherical silica particles with nine different diameters ͑0.33, 0.52, 0.81, 1.01, 1.52, 2.34, 3.22, 3.93, and 5.08 m͒ were employed to study the size dependence of Raman scattering. The enhancement in Raman scattering was observed for all samples. The enhancement effects were confirmed to be size dependent. The prepared substrates covered with monolayers of silica particles are shown in Figs. 2͑a͒ ͑2.34 m͒ and 2͑b͒ ͑1.01 m͒.
As for the particles of 1.01 m diameter, the laser spot can cover two and a half particles, as shown in the schematic diagram in Fig. 2͑c͒ . In this figure, only one particle can be entirely covered by the focused laser beam, while the six particles adjacent to it are partially covered. A large circular spot in the center and six fan-shaped spots surrounding the center spot can be clearly observed. The image is not per- fectly symmetrical due to the limited step resolution of the stage. The substrates covered with the particles of 1.01 m diameter exhibited the strongest Raman scattering, with the optical image shown in Fig. 2͑d͒ . The image resulted from the reflected as well as the scattered light, including Rayleigh and Raman scattering. The upper-left inset in Fig. 2͑d͒ is the contour of the image, while the bottom-left inset gives the profile. Clearly, the image shape in the scattering mode is determined by the geometries of both the particles and the laser beam ͑size and beam shape͒. Since the particle size and beam geometry were known in the experiment, the beam size could be estimated through the observed image. In Fig. 2͑d͒ , two to three particles are contained along the line AB, indicating that the beam size is between 2.02 and 3.03 m, presumably around 2.5 m, which verified our previous estimation. Furthermore, the beam size can be figured out through the size dependence of Raman scattering, as discussed afterward.
The electromagnetic field caused by the focused laser beam is determined both by the beam parameters ͑wavelength, power, mode, and beam size͒ and the particle prop-erties ͑size and complex index of refraction͒. The Raman scattering intensity, therefore, is a function of the combination of both the incident beam and the particles. The Raman spectra of the bare silicon and the silicon substrates covered with the silica microparticles of different sizes ͑from 0.33 to 5.08 m͒ are shown in Fig. 3͑a͒ . The spectrum of bare silicon was also measured for reference. The sharp Raman peak around 520 cm −1 can be observed. A certain offset was added to each curve for clarity. The Raman signals for all substrates were enhanced to some extent. In the calculation of the Raman signal intensity, the three highest points near the peak were averaged and the background signal was subtracted. The obtained data were applied to calculate the enhancement of Raman intensity ͑ERI͒, defined as the ratio of the net enhanced Raman intensity of the silicon substrates ͑with background subtraction͒ covered with microparticles to the net intrinsic Raman intensity from the reference bare silicon ͑with background subtraction͒. However, in order to calculate the enhancement factor, the scattering volume must be considered. The optical penetration depth in silicon in the far field is around 500 nm. Then the far-field volume was calcu- lated as 2.45 m 3 . The penetration depth in the near field is 100 nm ͑calculated value͒. The diameter of the beam in near field is around 120 nm ͑calculated value͒ for the 2.34 m particles. Thus, the near-field volume is around 1.13 ϫ 10 −3 m 3 . Thus, the enhancement factor for the 2.34 m particle was calculated to be as high as 1.4ϫ 10 4 . Figure 3͑b͒ shows the size dependence of the ERI obtained experimentally ͑diamonds͒ and the size dependence of ͉E͉ 2 ͑squared electrical field͒ obtained by simulation ͑tri-angles͒. For the particles with sizes smaller than 2.34 m, the ERI increases continuously with the increase in particle size, but starts to decrease as the particle size becomes larger than 2.34 m. The maximum ERI at 2.34 m might indicate that this diameter is close to the waist of the incident laser beam ͑2.5 m͒. This observation is consistent with the previous analysis on the beam diameter based on the particle image in scattering mode. Thus, the particle size can be optimized to achieve the strongest enhancement under different optical conditions.
Because the particle sizes are comparable with the incident wavelength, silica particles can be used to generate near-field effects. 23 The intensity of the Raman scattering is proportional to the square of the magnitude of the electromagnetic fields incident on the sample. Using the OPTI-WAVE™ software, we calculated the electrical field intensity with single-and multiple-particle models. The incident laser beam had a Gaussian shape with a FWHM waist of 2.5 m. The amplitude of the electric field was assumed to be 1 V / m. The refractive indices of air, silica, and silicon at the wavelength of 514.5 nm are 1.0, 1.5, and 4.24, respectively. The extinction coefficient of silicon is 0.06. All optical constants are quoted from Ref. 24 . The light propagates along the Z direction, normal to the substrate surface. The incident laser is polarized in the Y direction ͑not indicated in the figures͒. The calculated electric fields for the particle sizes of 1.01 and 2.34 m without the silicon substrates are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. The figures are visualized from the XZ cross-sectional view. It can be clearly observed that the intensities inside the particles are not uniformly distributed. The electric fields are focused in the forward direction along the incident light near the shadow surface. Nanojets are generated and the waist of the nanojets in Figs. 4͑a͒ and 4͑b͒ are almost the same ͑120 nm͒, which is the same as the results reported by Ref. 20 . This phenomenon indicates that the nanojet waist only depends on the incident wavelength. On the other hand, there is a great difference on the length of the nanojets for different particles. The strongest light intensity occurs inside the particles in Fig. 4͑a͒ , while it appears outside the particles in Fig. 4͑b͒ . This is due to the greater internal reflection resulting from the inner side of the shadow surface of the particles of 2.34 m diameter compared to that of the particles of 1.01 m diameter. The calculated electric fields for the particles of 1.01 and 2.34 m diameter positioned on silicon substrates are shown in Figs. 4͑c͒ and 4͑d͒ . The distributions of the electric fields are greatly changed due to the high refractive index of silicon. Interestingly, even though the beam waists are not changed, the length of nanojets becomes much smaller, shrinking into about 100 nm. This finding indicates that the electric field is well confined to the surface of the substrates in a nanometer-scaled region. The size dependence of the simulated ͉E͉ 2 , to which near-field optical intensity is directly related, is shown in Fig. 3͑b͒ ͑triangles͒. The simulated curve also shows the peak at 2.34 m, consistent with the experimental results in Raman spectroscopy.
IV. CONCLUSIONS
We prepared silicon substrates covered with spherical silica microparticles to study the particle-enhanced Raman spectroscopy. It is observed that the Raman peaks of silicon could be significantly enhanced with the presence of dielectric microparticles. Simulation results showed that the enhancement effects come from the localized electric fields within the nanojets in the vicinity outside the particles along the propagation direction of the incident laser. The optical nanojets were formed by the silica particles, with a length as small as 100 nm and a waist of 120 nm for the particles of 2.34 m diameter. The dimensions of the nanojects are smaller than the optical diffraction limit. The presence of the nanojets is believed to be the primary reason to cause the particle-enhanced Raman scattering.
